-2 -Abstract Purpose: To retrospectively evaluate whether the mean-, minimum-, and maximum apparent diffusion coefficient (ADC) of glioblastomas obtained from pretreatment MR images is of prognostic value in patients with glioblastoma.
Introduction
Glioblastoma is the most common malignant primary neoplasm of the central nervous system; median survival is approximately 1 year (1, 2). Conventional magnetic resonance imaging (MRI) can yield information on the gross anatomic structure of glioblastoma, but it provides little functional information. Diffusion-weighted (DW) MRI enables the volumetric intravoxel measurement of tissue characteristics based on the detection of changes in the random motion of water protons at the cellular or physiological level (3) . Although the usefulness of DW-MRI for preoperative grading and postoperative assessment of glial tumors has been investigated (4-7), its value for predicting survival has not been fully addressed (8) (9) (10) . Because the apparent diffusion coefficient (ADC) is inversely related to tumor cellularity and the glioma grade (4, 6, 11-14), we postulated that it reflects the biological viability and prognosis of glioblastomas. We therefore analyzed the ADC with respect to the surgical resection status and compared the mean-, minimum-, and maximum ADC (ADC mean , ADC MIN , and ADC MAX , respectively) values as factors reflecting biological activity. We performed a retrospective study to determine whether these values obtained on -5 -preoperative MRI scans are of prognostic value in patients with glioblastoma. We discovered that the ADC MIN value is a prognostic factor for survival in patients with glioblastomas that are not totally resectable.
Materials and Methods
The institutional review board of our hospital approved this retrospective study and waived the requirement for informed patient consent. Patient information was kept confidential by removing all identifiers from our records at the completion of our analyses.
Patients, diagnosis and treatment
Between February 1998 and January 2006, 49 patients (29 males, 20 females) with histologically confirmed supratentorial glioblastoma were treated at our institution.
Of these, 16 were excluded from this study for reasons such as incomplete MRI, progression from anaplastic or low-grade glioma, infratentorial tumors, and incompleteor no postoperative irradiation or chemotherapy. The remaining 33 patients (24 males, 9
Horizon; GE Medical Systems, Milwaukee, WI, USA) with a circularly polarized head coil. All patients underwent MRI studies that included at least unenhanced and contrast-enhanced transverse T1-weighted-, unenhanced transverse T2-weighted-, 
Results

Patient characteristics and imaging
The patients ranged in age from 10 to 76 years (mean  standard deviation (SD): (Fig. 1) . There was no statistical difference under our 2 imaging conditions.
Comparison among ADC mean , ADC MIN , and ADC MAX values by likelihood analysis
We initially performed comparisons among ADC mean , ADC MIN , and ADC MAX values to identify the most powerful prognostic factor according to likelihood analysis (Fig. 1) . We analyzed the ADC with surgical results because "total removal" was the 
Univariate analyses of prognostic factors
Univariate analysis (Table 1) revealed that the significant factors in overall survival were the KPS score (P < 0.05) (Fig. 2A) , total surgical removal (P < 0.01; Fig.   2B ), and ADC MIN (P < 0.05; Figs. 2C, 3, and 4) . Other factors were not associated with overall survival. Among our 33 patients, the ADC MIN value was below 1.0  10 -3 mm 2 /sec in 23; it was higher in 10 patients. The group-specific survival rate at 1.5 years was 30.4% and 60.0% for patients in the low-and high ADC MIN value groups, respectively (P < 0.05; Fig. 2C ).
Multivariate analysis of prognostic factors
We evaluated the prognostic factors for overall survival using multivariate analysis. The results of multiple regression analysis with the Cox proportional hazards model (Table 2) confirmed that incomplete tumor removal was the most important prognostic factor (hazard ratio 19.187; P < 0.01). Our results also confirmed that a low ADC MIN value was a statistical prognostic factor (hazard ratio 3.915; P < 0.05). No other factors were significantly associated with overall survival.
Survival analysis of patients with incomplete tumor removal
We analyzed the prognostic factors in patients whose tumors could not be totally removed because the biological features of postoperative residual tumors may affect overall survival. Univariate analysis with the log-rank test revealed that the only significant factor for overall survival was the ADC MIN (P < 0.01; Fig. 5 ). Neither the patient age (≥50 y) nor the gender, symptom duration (≤3.0 months), KPS (≥80), subtotal tumor removal, nor surgical achievements were of prognostic value. The results of multivariate analysis with the Cox proportional hazards model also confirmed that low ADC MIN was a powerful prognostic factor (hazard ratio 6.107, P < 0.01).
Discussion
Our results suggest that the ADC value of tumors, obtained from preoperative MRI scans, represents a prognostic factor in patients with glioblastoma. Although ADC mean , ADC MIN , and ADC MAX were statistically significant prognostic factors in our patients, we confirmed that ADC MIN was the most sensitive predictive factor for the overall survival of these patients. Others (9, 10) who assessed the value of the ADC for predicting the prognosis of patients with malignant astrocytic tumors used ADC MIN based on the hypothesis that this value reflects the sites of highest cellularity within heterogeneous tumors and that these sites are of prognostic importance. Studies of ADC that documented an inverse relationship between tumor cellularity and the glioma grade support this hypothesis (6, 11, 12) . Tissues with high cellularity manifest a low ADC because the mobility of water protons is impeded; cystic and necrotic regions, on the other hand, exhibit a high ADC due to the rapid diffusion of water protons (13, 15) .
However, no previous reports have compared the value of the ADC MIN versus the ADC mean and ADC MAX . Our likelihood analysis confirmed that ADC MIN was the most sensitive prognostic factor and that it can be used to evaluate overall survival in patients with glioblastoma.
Our observation that a low ADC MIN value is associated with a poor prognosis is consistent with previous studies. According to Higano et al. In our series, total, but not subtotal removal or less affected overall survival; an observation that coincides with that of others (16) . Interestingly, we found that the ADC MIN of tumors on pretreatment MR images was a useful predictor of the overall survival of glioblastoma patients whose tumors could not be totally removed. Oh et al. (8) who evaluated the ADC mean of glioblastomas on MR images obtained after surgery but before the start of radiation therapy found that the survival of patients with a low ADC was substantially shorter. Our findings support their results.
In combination with conventional MRI findings, the ADC can yield additional useful information about physiological changes since the entire tumor can be assessed.
Tissue sampling, on the other hand, may not yield information about the entire tumor.
Furthermore, if the chosen biopsy site is suboptimal, the glioma grading may be incorrect because these tumors are histologically heterogeneous. Thus, because the ADC helps to identify areas of highest cellularity within a tumor, it is useful for selecting the biopsy target (9).
Our study has some limitations. DWI does not eliminate perfusion effects attributable to tumor vessels or white matter tracts. In addition, ADC changes due to cystic, necrotic, and/or hemorrhagic areas and the influence of artifacts caused by inhomogeneous structures such as the skull base, bone, and sinus air must be considered.
To avoid the influence of susceptibility artifacts or ADC changes, we excluded patients -17 -with infratentorial tumors or gross hemorrhage from our study. Another limitation was the variability of the calculated ADC. Significant variability in ADC values reportedly reflects the coil systems and imagers used, the instrument vendors, and the field strengths applied for MR re-imaging (17, 18) . We set the cut off value of ADC MIN at 1.00  10 -3 mm 2 /sec and this value would be affected, therefore, we suggest that the optimal absolute ADC be established by larger studies. The semiquantitative use of the ADC such as its ratio to the contralateral side, may help to eliminate these variabilities.
However, as the ADC is inhomogenous in various brain lesions and is affected by aging (19) (20) (21) , these ADC changes must be considered when the ratio to the contralateral normal-appearing side is to be established. Future studies are necessary to standardize ADC measurement methods. Although our retrospective study showed that ADC MIN is one of the most important prognostic factors, due to the heterogeneous nature of glioblastomas, other variables related to the characteristics of the patients, the tumors, and the treatment strategies must be taken into account.
Conclusions
The ADC MIN 
